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ABSTRACT  
Introduction: 
Sicker patients generally have more vital sign assessments, particularly immediately before an 
adverse outcome, and especially if the vital sign monitoring schedule is driven by an early warning 
score (EWS) value. This lack of independence could influence the measured discriminatory 
performance of an EWS.  
 
Methods: 
We used a population of 1,564,143 consecutive vital signs observation sets collected as a routine 
part of patients’ care. We compared 35 published EWSs for their discrimination of the risk of death 
within 24 hours of an observation set using (1) all observations in our dataset, (2) one observation 
per patient care episode, chosen at random and (3) one observation per patient care episode, 
chosen as the closest to a randomly selected point in time in each episode. We compared the area 
under the ROC curve (AUROC) as a measure of discrimination for each of the 35 EWSs under 
each observation selection method and looked for changes in their rank order. 
 
Results: 
There were no significant changes in rank order of the EWSs based on AUROC between the 
different observation selection methods, except for one EWS that included age among its 
components. Whichever method of observation selection was used, the National Early Warning 
Score (NEWS) showed the highest discrimination of risk of death within 24 hours. AUROCs were 
higher when only one observation set was used per episode of care (significantly higher for many 
EWSs, including NEWS). 
 
Conclusions: 
Vital sign measurements can be treated as if they are independent – multiple observations can be 
used from each episode of care – when comparing the performance and ranking of EWSs, 
provided no EWS includes age.  
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INTRODUCTION 
Several prior publications by our group have assessed the performance of the early warning 
scores (EWS) used to identify patients’ severity of illness.1-3 EWS systems allocate points in a 
weighted manner, based on the derangement of a predetermined set of patient vital signs 
variables (e.g., blood pressure, heart rate, breathing rate, temperature) from an arbitrarily agreed 
“normal” range. The points for each variable are summed and the total is used to inform a change 
in the patient's vital sign monitoring schedule and/or trigger a call for expert help at the bedside.  
 
Our performance evaluations of EWS systems have often used all the observations sets from a 
sample of patient episodes and, therefore, contain multiple vital sign observation sets from the 
same patient episode in the analysis.2,3 Multiple observations may be within 24 hours of death (or 
another adverse outcome). We have considered an EWS to be better than another if it has a 
significantly (p < 0.05) higher area under the ROC curve (AUROC4, a measure of discrimination). 
Sicker patients generally have more vital sign assessments, particularly immediately before an 
adverse outcome, and especially if the vital sign monitoring schedule is driven by an EWS value. A 
previous review of our manuscripts have suggested that this lack of independence of the data 
points in the sample data sets may influence the measured discriminatory performance of an 
EWS. By extension, it is possible that an EWS that appears significantly better than another when 
all observations are used may appear significantly worse if only one observation was used from 
each episode. 
 
EWS systems are implemented clinically as if vital sign measurements and derived EWS values 
are independent. EWS escalation decisions are generally binary. For example, an EWS value of 4 
might result in no clinical intervention, whereas a value of 5 might require both a change in vital 
signs frequency and an assessment by a doctor (irrespective of the fact that the previous EWS 
was 0 or 4). Consequently, it is the extent of derangement of physiology at any given time, and not 
the degree of abnormality of any previous measurements, that determines actions taken based on 
the EWS score.  
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One study by our group5 has suggested that treating vital signs and derived EWS values as 
independent may be reasonable, as an alternative technique of using one randomly chosen 
observation set per episode did not significantly affect discrimination of the combined outcome of 
cardiac arrest, unanticipated ICU admission or death within 24 hours. In this study,5 as with 
others,1-3  the ability of the EWSs to discriminate the risk of a range of adverse outcome has been 
compared using the AUROC.4 The use of multiple observation sets per episode has the potential 
to bias the AUROC as episodes with more observations may disproportionately influence the 
AUROC compared to those with fewer observations. 
 
The aim of this study was to determine whether a lack of independence between data points when 
sampling patient observations might significantly change the ranking of EWS systems by their 
AUROC (i.e. lead to one EWS having significantly higher AUROC than another under one method 
of choosing observations, but significantly lower AUROC than the other under another method). 
We compared the performance of EWSs using three methods of observation selection: (1) all 
observations, (2) one randomly chosen observation set per episode, and (3) one observation set 
per episode based on choosing a random point in time within each episode.  
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METHOD 
This research falls within local research ethics committee approval (08/02/1394) from the Isle of 
Wight, Portsmouth and South East Hampshire Research Ethics Committee.  
 
Vital signs test results database and its development 
We constructed a database of vital signs collected from all adult (≥16 years old) patients admitted 
to Portsmouth Hospitals NHS Trust on or after 25/05/2011 and discharged on or before 
31/12/2012. We excluded data from patients discharged alive on the day of admission. We also 
excluded data from episodes in which no observations were recorded during the final 24 hours 
(this was to reduce the numbers of patients in the dataset that might be on a recognised end of life 
pathway, where routine observations are halted). Vital signs data were recorded in real-time at the 
bedside using handheld electronic equipment running the VitalPAC software.6 Each vital signs 
measurement set contained: pulse rate, breathing rate, systolic and diastolic blood pressure, 
temperature, SpO2, the inspired gas (e.g., oxygen or air) at the time of SpO2 measurement, and the 
patient’s conscious level. Conscious level was recorded as alert (A), responds to voice (V), 
responds to pain (P) or unresponsive (U). 
 
Within-episode dependence of vital signs observations 
We tested for the level of within-episode dependence of the eight recorded vital signs and age at 
admission by calculating the intraclass correlation (ICC) for each using the episode identifier as the 
grouping variable. 
 
Outcome 
The outcome studied was death within hospital within 24 hours of a vital signs dataset. Where it 
occurred, patient death was identified from the patient administration system (PAS). Therefore, 
multiple observations within a single episode of care might be followed by death within 24 hours.  
 
Observation selection methods 
We used three different methods to select observations. Firstly, we used all the observations in our 
dataset (i.e., for each patient care episode, all observations taken during that episode were used). 
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Secondly, we made 10,000 samples of observation sets, each sample being constructed by 
selecting one observation set at random from every patient care episode (i.e., so each observation 
set in an episode had an equal chance of being selected in each sample). Thirdly, we made 10,000 
samples containing one observation set per episode. The observations were chosen by first 
randomly selecting a time during every episode in every sample, and then selecting the 
observation set closest to it. 
 
In the case of the time-based selection method, we encountered problems due to inaccurate 
recording of patient admission and discharge times (some episodes had observations recorded 
either before admission or after discharge). Observations are time-stamped automatically as they 
are entered at the patient’s bedside, whereas admissions and discharges are recorded 
independently on PAS and are less likely to be accurate.2 Therefore we used the first and last 
observation dates and times, as the basis of determining the time period from which to choose 
observations. To avoid biasing against selection of the first and last observation sets, we added to 
the beginning and end of the selection period a length of time equal to half of the mean time 
between observation sets for that patient episode. 
 
Selection of early warning scores and assessment of performance 
We compared 35 published EWSs – 33 previously compared by Smith et al.,1,2 plus the cardiac 
arrest risk triage (CART) model7 and the Centiles EWS.8 The full list of EWSs evaluated is listed in 
Table S1 of the supplementary information. EWS performance - the ability to discriminate risk of 
death within 24 hours of an observation set - was assessed by calculating the area under the ROC 
curve for each of the 35 EWSs under each of the three observation selection methods. When 
using all observations, we calculated a 95% confidence interval for the AUROCs using the 
methods set out by DeLong et al.9 When using 10,000 sample sets, we calculated an AUROC for 
each sample set and reported the mean AUROC and the 2.5 and 97.5 centiles of the AUROCs as 
the 95% confidence interval. 
 
Effects of age 
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For those EWSs that include age, our analyses used age at admission in the EWS calculation. 
This is therefore constant throughout an episode and clearly not independent between 
observations. To study whether the inclusion of age in an EWS changed its ranking under different 
observation selection methods, we repeated the above analysis, removing the age component 
from EWSs that included it. 
 
Assessment of significance of changes in EWS ranking 
We compared EWS performance under each of the selection methods by ranking them by their 
AUROC. We used DeLong’s method for paired AUROCs9 to determine significance (p < 0.05) of 
differences between AUROCs calculated on all observations. To determine whether two EWSs had 
significantly different AUROCs when using randomly chosen observations, the difference in their 
AUROCs was calculated for each of the 10,000 sample sets and the 95% confidence interval of 
the difference was estimated using the 2.5 and 97.5 centiles. The difference was considered 
significant if the 95% confidence interval for the difference between AUROCs did not include zero. 
 
When ranking EWSs by AUROC, an EWS may change position either due to a change in its own 
performance or a change in the other EWSs (or both). When an EWS changed its rank, we made 
a list of EWSs that lay between its positions under the two observation methods. When an EWS 
rank increased (or decreased), the increase (or decrease) was considered significant if one or 
more of the listed EWSs that had significantly greater (or smaller) AUROC under the first selection 
method had significantly smaller (or greater) AUROC under the second method. For example, if 
EWS ‘X’ changed its rank from 10th when using all observations to 2nd when using one randomly 
selected observation set per episode, we made a list of all the EWSs that had rank between 2nd 
and 10th under both methods of observation selection. For the change in rank of EWS ‘X’ to be 
considered significant, we required that at least one of the listed EWSs had a significantly higher 
AUROC than that of EWS ‘X’ when all observations were used and a significantly lower AUROC 
than EWS ‘X’ when selecting only one observation set per episode. 
 
Data analysis tools 
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All data manipulation was performed using Microsoft® Visual FoxPro 9.0. All analyses were 
undertaken in R version 3.02.10 
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RESULTS 
In the study period, there were 64,285 episodes of care with admission on or after 25/05/2011 and 
discharge on or before 31/12/2012, where the patient was aged >16, the patient was not 
discharged alive on the day of admission and one or more observations were taken during the last 
24 hours of the stay. Associated with these episodes of care were 1,395,941 observation sets 
(mean 21.7 observation sets per episode). Of these episodes, 30,723 (48%) were for male 
patients and the mean age at admission was 61.8 years (standard deviation 20.4 years). 1697 
(2.6%) of the episodes ended in death. For the two methods using one randomly chosen 
observation set per episode, there were 64,285 observations sets available for analysis. Table 1 
shows the summary data regarding incidence of death within 24 hours and the mean NEWS 
values for observations chosen by each of the selection methods. 
 
There is dependence between vital signs observations taken from the same episode, as 
demonstrated by the ICCs for each of the vital signs (Table 2, ICCs are significantly greater than 
0). For age at admission, which cannot change during an episode and is therefore fully dependent, 
the ICC is 1. 
 
The AUROC values, measuring the discrimination of the 35 EWSs, show large differences 
between the best and worst performing (Figure 1). There are also changes in rank depending on 
the observation selection method, but only one of these (for the EWS described by Bakir11) is 
significant. Most variation in rank occurs towards the middle of the rankings, where differences in 
AUROC between similarly ranked EWSs are very low. When the age component is removed from 
those EWSs that include it, there are fewer changes in rank and none are significant (Figure 2). 
 
The AUROC for any given EWS is lowest when all observations in the dataset are used, highest 
when one random observation is selected per episode and intermediate (though towards the top of 
the range) when one random observation is selected for each episode based on choosing a 
random time point in the patient’s stay (Figures 1 and 2). The differences between AUROCs when 
using all observations sets and using one random observation per episode are significant (95% 
confidence intervals do not overlap – Table S2, supplementary information) for all EWSs except 
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the Centiles EWS and the EWS published by Allen.  A lower number (16 of the 35 EWSs, including 
NEWS) have significantly higher AUROC when using one observation set per episode based on 
choosing a random point in the patient’s stay compared to using all observation sets. There are no 
significant differences between AUROCs for the two methods of selecting one observation set from 
each episode of care. 
 
 
10 
DISCUSSION 
For the three observation selection methods studies, there were no significant changes in the rank 
of EWSs by their AUROCs except for EWSs that included age. Overall, the findings of this 
research suggest that vital signs and derived EWS values for EWSs that do not include age can be 
treated as if they were independent (even though the ICCs demonstrate that there is within-
episode dependence). Therefore use of multiple observation sets from a single episode in 
assessing the performance of EWS systems does not appear to bias the ranking of EWSs, as long 
as no EWS includes age. However, in reality only a minority of EWS systems does. In common 
with the findings of an earlier study,2 we also found that the UK National Early Warning Score 
(NEWS)13 offers the best discrimination among the EWSs studied, irrespective of the method of 
observation selection.  
 
The method of selecting observations only has a significant effect on the ranking of Bakir’s EWS11, 
which includes age. Non-significant changes were also observed for CART7 and Subbe MEWS14, 
both of which also include age. These variations can be explained by considering the distribution 
of ages in observations in our data. We know that older people are more likely to be in hospital – 
we have a progressively higher number of episodes of care for older people within our dataset 
than we do for younger people. Elderly patients are also likely to have longer stays (and therefore 
more observations). Age is a good predictor of risk of death, but only when the score assigned for 
age in an EWS varies between observations. When all observations are used, the combined effect 
of older patients having both more episodes and more observations per episode skews the dataset 
to contain many observations for older patients. This means that many observation sets – although 
representing differing risks – will score the same for age. The usefulness of age as a discriminator 
of risk is therefore diminished. When only one observation is used from each episode of care, 
fewer observations come from older patients as one source of bias – more observations per 
episode for older patients – is removed. There are then fewer observations that score the same for 
age and age becomes more useful as a discriminator of risk of death. The effect is greatest for 
Bakir’s EWS as it has the greatest weightings for age.  This finding is relevant to the use of EWSs 
in a hospital – age at admission is not useful for discriminating changes in risk during an episode 
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of care, but it is useful for discriminating risk between two episodes of care in which the patients 
have different ages.  
 
Even for EWSs that do not include age, choosing only one observation per episode results in a 
higher AUROC (significantly higher for many EWSs – Table S2, supplementary information) than 
when multiple observation sets from a single episode are used. The AUROC values4 determined in 
this study represent the probability that any randomly chosen observation followed within 24 hours 
by death will have a higher EWS score than any randomly chosen observation not followed by 
death within 24 hours. When all observations are used, some pairs of observations (one followed 
by death within 24 hours and one not followed by death within 24 hours) will be for the same 
episode. A patient may have a high EWS score, receive an intervention that reduces the EWS 
score (though it may still be high) and then die.12 If this process takes 24 hours or more then 
scores closer to death may be lower than those earlier in the episode, resulting in a lower AUROC 
when multiple observations are used from each episode of care and potentially reducing the mean 
difference between scores for observations that are and are not followed within 24 hours by death. 
This is reflected in the mean differences in NEWS (taken as an example – similar comments apply 
to other EWSs) scores between observations followed by death within 24 hours and those not 
followed by death within 24 hours under each selection method (Table 1). The difference is 
greatest when observations are selected at random, slightly lower when they are selected based 
on a random point in time and lowest when all observations are used. 
 
There are differences in the incidence of death within 24 hours of selected observation sets, 
depending on the method of selection (Table 1). The differences between all and random 
observations may be explained by the variation in the number of observations per episode. When 
using all observations, 7637 observations from a total of 1,395,941 (0.55%) are followed by death 
within 24 hours. Some 328 episodes have all of their observations within 24 hours of death. 
Therefore, when using one randomly chosen observation per episode, a minimum of 328 selected 
observations from the 64,285 episodes (0.51%) are followed by death within 24 hours. A further 
1369 episodes have some, but not all, observations within 24 hours of death. Random selection 
will choose, on average, an additional 268 observations from those 1369 episodes that have death 
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within 24 hours (based on the probability for each of those episodes of selecting an observation 
within 24 hours of death). This gives a total (on average) of 596 observations from 64,285 (0.93%) 
having death within 24 hours – a notable increase compared to the value of 0.55% when all 
observations are used. When choosing observations based on a random time within a patient’s 
stay, 257 observations (on average) are followed by death within 24 hours from the 1369 episodes 
– a slightly lower number than when choosing observations at random. 
 
When choosing observations based on the generation of random numbers, there is a possibility 
that a particular sample could be randomly atypical and give a different ranking of EWSs 
compared to another. To minimise such effects, we calculated the mean AUROC for each EWS 
from the AUROCs for 10,000 samples of the dataset. To satisfy ourselves that this was a 
sufficiently large number of sample sets, we repeated the process using another 10,000 sample 
sets starting from a different random seed in R’s random number generator. These produced EWS 
rankings that were identical to those presented in this paper and with only small changes in 
reported AUROCs (well within the 95% confidence intervals). 
 
This large study has several strengths. Of particular note is that all vital signs variables in the 
1,564,143 sets were collected simultaneously in a standardised manner as part of the routine 
clinical process, and were stored electronically. Another is the use of many random sample sets 
(10,000) when studying the effects of random observation selection. Weaknesses include the fact 
that we excluded admissions that were admitted directly to critical care areas of the hospital, and 
included patients with ‘Do Not Attempt Cardiopulmonary Resuscitation’ decisions, although we 
took steps to exclude patients on a recognised end of life pathway. Also, for those EWSs that 
include age, our analyses used age at admission in the EWS calculation and we made no 
adjustment if the patient had a birthday during the admission. In practice, few patients experience 
a birthday during their admission and, even if they do, even fewer will move into a new age band 
that incurs more points than that applied on admission. Consequently, our a priori decision to use 
only age at admission is unlikely to have underestimated the early warning score in many cases, 
and therefore unlikely to affect the EWS performance significantly. Finally, as this has been a 
single centre evaluation, our findings require validation. 
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CONCLUSIONS 
Using multiple observations from each episode of care does not significantly change the ranking of 
EWSs compared to using only one observation from each episode, as long as no EWS includes 
age. This is in spite of observed dependence between vital signs observations collected during the 
same episode of care.  
 
The method of observation selection can affect the AUROCs recorded – higher AUROCs 
(significantly higher for many EWSs) are recorded when only one observation is used from each 
episode. For EWSs that include age, the observation selection method can be important in 
determining the rank order of EWSs. 
 
NEWS performs better than the other EWSs in discriminating risk of death within 24 hours of an 
observation set, irrespective of the method used to select the observations. This supports the 
findings of earlier studies in which multiple observations were used from each episode of care.  
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LEGENDS FOR FIGURES: 
 
Figure 1
 
Rank of early warning scores’ discrimination (as measured by AUROC value, indicated on each 
bar) of risk of death within 24 hours of an observation set. Highest ranked EWSs are at the top. 
Un-shaded bars indicate an EWS that includes age. Lines through end of bars indicate 95% 
confidence interval for the AUROC. Lines linking bars indicate change in rank; black lines indicate 
a significant change. 
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Figure 2 
 
Rank of early warning scores’ discrimination (as measured by AUROC value, indicated on each 
bar) of risk of death within 24 hours of an observation set when age components of EWSs are 
excluded. Highest ranked EWSs are at the top. Un-shaded bars indicate an EWS that originally 
included age. Lines through end of bars indicate 95% confidence interval for the AUROC. Lines 
linking bars indicate change in rank; black lines indicate a significant change. 
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Table 1: Summary observations, incidence of death within 24 hours and mean NEWS values for 
observations chosen by each of the selection methods.  
Dataset 
Method of observation selection 
All observations 
One observation per 
episode of patient care, 
chosen at random (mean 
values from 10,000 sample 
sets) 
One observation per 
episode of patient 
care, chosen as 
nearest to a 
randomly selected 
time in the patient’s 
stay (mean values 
from 10,000 sample 
sets) 
Number of observations 
used 1,395,941 64,285 64,285 
Number of observations 
followed by death within 
24 h 
7637 596 585 
% of observations 
followed by death within 
24 h (95% confidence 
interval) 
0.55 
(0.53 – 0.56) 
0.92 
(0.89 – 0.97) 
0.91 
(0.87-0.95) 
Mean NEWS value for 
observations not 
followed by death within 
24 h 
1.76 1.41 1.32 
Mean NEWS value for 
observations followed 
by death within 24 h  
6.74 6.85 6.64 
Difference in mean 
NEWS values 
(observations followed 
by death  - observations 
not followed by death 
within 24 h) 
4.98 5.44 5.32 
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Table 2: Intraclass correlation, using episode identifier as the grouping variable, for the 
measurements included in the EWSs studied and the outcome variable (death within 24 hours of an 
observation set). 
Variable Intraclass correlation (95% CI) 
Pulse rate 0.55 (0.53 - 0.56) 
Breathing rate 0.30 (0.28 - 0.31) 
Systolic blood pressure 0.48 (0.46 - 0.50) 
Diastolic blood pressure 0.40 (0.39 - 0.42) 
Temperature 0.21 (0.20 - 0.23) 
SpO2 0.38 (0.37 - 0.40) 
Inspired gas 0.44 (0.43 - 0.46) 
Conscious level 0.17 (0.16 - 0.18) 
Age at admission 1.00 (1.00 - 1.00) 
Death within 24 hours 0.36 (0.35 – 0.38) 
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